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INTRODUCTION
Reports of main group element substituted 1,3-dienes and their reaction chemistry are still fairly rare in organic chemistry. 2-Triethylsilyl-1,3-butadiene and a few of its Diels-Alder reactions were reported by Ganem and Batt in 1978 [1] . Fleming and co-workers reported 1-trimethylsilyl-1,3-butadiene in 1976 [2] and its Diels-Alder dimerization in 1981 [3] . Paquette and Daniels reported some 2-silyl substituted-1,3-cyclohexadienes in 1982 but none of their Diels-Alder chemistry [4] . Silyl-substituted diene chemistry was reviewed in 1993 [5] . While not containing a diene carbon to silicon bond, related 2-trimethylsilyloxy-1,3-dienes have also been transmetallated to zirconium [6] . A 2-phenylseleno and 2-trialkylstannyl-1,3-butadiene and their Diels-Alder reactions were reported by Bates and co-workers in 1987 [7] . Much less has been reported previously about aluminum-substituted 1,3-dienes. Eisch [8] and Hoberg [9] reported the preparation of alumina-1,3-cyclopentadienes decades ago, but very little has been done with them synthetically [10] .
Most work reported with main group-substituted dienes has been done with the 1-(dialkoxyboryl)-1,3-butadienes (1), sometimes termed 1,3-dienyl-1-boronates. These compounds were reported by Vaultier in 1987 [11] , and numerous reports of their Diels-Alder chemistry have appeared from the laboratories of Vaultier [12] [13] [14] [15] , Lallemand [13, [15] [16] [17] [18] , and others [19] [20] [21] . We have recently reported the preparation of 2-boron [22, 23] and 2-silicon substituted 1,3-dienes [24, 25] and their Diels-Alder as well as cross coupling chemistry. We thought that 2-aluminum substituted 1,3-dienes might be prepared via directed hydroalumination of an enynol and our results in this area are described below.
RESULTS AND DISCUSSION
In 2002 Havranek and Dvorak reported a hydroalumination/cross coupling protocol for aryl, silyl and alkyl substituted propargyl alcohols [26] . As a starting point, we attempted to use this protocol with a representative enynol such as 4-methyl-4-penten-2-yn-1-ol (1a). After several attempts, we found that we could only obtain the desired hydroaluminated/cross coupled product (3a) in isolated yields around 30% (Fig. (1) ). Production of the reduced product (4-methyl-2, 4-pentadien-1-ol) is an undesired side reaction which must always be minimized in this chemistry. The two most obvious proton sources which could quench proposed intermediate (2) (other than the solvents) are the ester or carbonate used to quench the excess hydride (RC(O)OR') and the Lewis acid used to assist transmetallation (hygroscopic ZnX 2 salts). We chose to
Ar OH 1 a R 1 = Me, R 2 = H 2 3 a R 1 = Me, R 2 = H, Ar = Ph screen reaction variables using commercially available 3-phenyl-2-propyn-1-ol (4) to look for a protocol that minimized the amount of unwanted reduction product present. We started this study by applying the previously reported protocol to 3-phenyl-2-propyn-1-ol (4) with iodobenezene as the aryl halide for cross coupling. We isolated the expected product 3,3-diphenyl-2-propen-1-ol (5a) in 30% yield ( Fig.   (2) ). We first screened dimethyl carbonate and phenyl benzoate in addition to ethyl acetate as excess hydride quenching agents and found little difference between the three in this reaction. Lastly, we noted a recent communication from Cheng's group where Zn(0) was used for cross coupling reactions performed under reducing conditions [27] . Cheng postulated that the added zinc metal could serve two functions; to initially reduce Pd(II) to Pd(0) and then the Zn(II) byproduct of this reduction assisted transmetallation. Since the sequence above is also a cross coupling reaction run under reducing conditions we screened the addition of Zn(0) rather than Zn(II) in the optimized protocol that used Vitride rather than LiAlH 4 . Yields of desired cross coupled product (5a) obtained versus equivalents of Zn(0) added are presented in Fig. (3) . The yield of the desired cross coupled product (5a) peaked when 1 equivalent of Zn(0) was used. Fig. (3) . Isolated Yield of (5a) Obtained with Vitride as Hydride Source and Zn(0).
We then proceeded to apply this optimized protocol for 3-phenyl-2-propyn-1-ol (4) to a number of cross coupling substrates to produce products (5a-c). The Zn(0) protocol using Vitride as hydride source produced good yields of cross coupled product for iodobenzene (5a, 68%) and iodotrifluoromethylbenzene (5b, 62%) but did not work as well with the more electron rich substrate, iodoanisole (5c, 9%).
We next proceeded to use this optimized protocol with enynols (1a-c). We found that it could be used to produce hydroalumination/cross coupling products in moderate yields (30-40%) with iodotrifluoromethylbenzene (6a-b). Cross coupled products could be obtained with iodobenzene (7a-c) in 10-15% yields but isolated yields of those materials (7a-c) were actually higher (31-43%) when one used the protocol originally reported by Dvorak for ynols [26] .
CONCLUSION
In summary, we have screened a number of variables for hydroalumination/cross coupling reactions of ynols and enynols. Enynols are challenging substrates for this reaction sequence and although the isolated yields may be moderate, we report here the first examples of their hydralumination/cross coupling. The use of Vitride and Zn(0) along with Pd(II) catalyst appeared to be a viable combination for ynols and enynols when one wants to use an electron deficient aryl halide for cross coupling and the use of lithium aluminum hydride and Zn(II) salts is recommended for enynols when cross coupling to less electron deficient aryl halides is desired.
EXPERIMENTAL SECTION General
All proton nuclear magnetic resonance ( 1 H NMR) spectra were obtained using a Bruker Avance 300
MHz spectrometer operating at 300.1 MHz or a Bruker 500 MHz spectrometer operating at 500.1 MHz. 13 C NMR spectra were obtained the above spectrometers operating at 75. When separations were conducted using the chromatotron, a Silica Gel 60 PF-254 plate was used, and a pentane:ethyl acetate solvent gradient was employed. The gradients were performed by first using 20:1 pentane: ethyl acetate, followed by 10:1 pentane: ethyl acetate, and so on. In a number of experiments the yields were estimated via NMR from a mixture of compounds, then the desired compound was further purified to analytical purity. Thin layer chromatography plates were 1mm Silica Gel GF.
Zinc dust was prepared by removing the metal oxide with 1.2M HCl, then washed with distilled water, absolute EtOH and anhydrous Et 2 O. The Zinc dust was then heated under argon for 12 hours to remove any residual solvent. Trans-dichlorobis(triphenyl-phosphine) palladium and Tetrakis(triphenylphosphine)palladium were purchased from Strem Chemicals. Vitride (3.6M in toluene), was purchased from TCI. 4-iodobenzotrifluoride, iodobenzene, 4-iodoanisole, n-Butyllithium in hexanes, para formaldehyde, trans-1-bromo-1-propene, diisopropylamine, copper(I) iodide, and betabromostyrene were purchased from Aldrich. Sodium carbonate and HCl were purchased from Fisher. 3-Phenyl-2-propyn-1-ol, propargyl alcohol, and 2-methyl-1-buten-3-yne were purchased from GFS chemicals.
NMR codes:
m: multiplet; d: doublet; t: triplet; s: singlet; b: broad; app: apparent
Preparations of Enynols

4-methylpent-4-en-2-yn-1-ol (1a)
2-Methyl-1-buten-3-yne (3.986 grams, 60.30 mmol) was added to THF (100mL). This solution was cooled to -78 °C, then n-Butyllithium in hexanes was added (34 mL of 1.6M soln, 54.4 mmol). After 1 hour, para formaldehyde was added (2.461 grams, 82.01 mmol). The solution was then slowly brought to 25 °C and allowed to stir for 3 h. Saturated ammonium chloride solution (50 mL) was added and extracted using diethyl ether (20 mL X 3). All organic layers were combined and dried using magnesium sulfate and filtered. Solvent was then removed under reduced pressure, to produce the crude product.
This crude product was purified via distillation at 96 °C at 6-7 mmHg to yield a clear colorless liquid (1a), (4.575 grams, 47.6 mmol, 79% [28] .
(E)-hex-4-en-2-yn-1-ol (1b)
Trans-1-Bromo-1-propene (3.688 grams, 30.484 mmol) and tetrakis(triphenylphosphine)palladium(II) (0.680 grams, 0.588 mmol) were added to diisopropylamine (90mL) in a sealed tube, and allowed to stir for 15 minutes at room temperature. Copper(I) iodide (0.369 grams, 70.276 mmol) and propargyl alcohol (1.904 grams, 33.976 mmol) were added and the tube was sealed and heated to 35 °C for 3
hours. The reaction mixture was filtered and then an aqueous workup was performed (saturated ammonium chloride solution, 45 mL). The aqueous layer was then extracted using diethyl ether (20 mL X 3). All organic layers were combined and dried using magnesium sulfate and filtered. were added and the tube was sealed and heated to 50 °C for 5 hours. The reaction mixture was filtered and then an aqueous workup was performed (saturated ammonium chloride solution, 60 mL). The aqueous layer was then extracted using diethyl ether (20 mL X 3). All organic layers were combined and dried using magnesium sulfate and filtered. Solvent was then removed under reduced pressure, to produce the crude product. The crude product was then isolated by column chromatographgy on silica gel using 2:1 heptane:ethyl acetate, yielding a yellow-orange solid (1c) (4.411 grams, 27.9 mmol, 85.0%). This product was a 1:10 cis:trans mixture which originated from the fact that the betabromostyrene starting material was a 1:10 cis:trans mixture. Anal. Calc. for C 11 H 10 O: C, 83.51; H, 6.37.
Found: C, 83.11; H, 6.37. 1 H and 13 C NMR spectra for the E and Z isomers have been reported previously [30] .
Hydroalumination/Cross coupling Reactions Using Vitride and Zn(0)
General Procedure
Ynol or Enynol, trans-dichlorobis(triphenyl-phosphine) palladium (II) (5 mol %) and zinc dust (1 eq) were added to THF (15 mL) in a dry flask under N 2 . The solution was then cooled to -78 °C, and Vitride (1 eq) was added. The temperature of the solution was raised to 0 ° C and allowed to stir for 4 hours. In a separate flask aryl iodide (1.1-1.2 eq) was dissolved in THF (9 mL). Once dissolved, this solution was transferred into the Vitride solution and the temperature was raised to 50 °C for 12 hours. The reaction mixture was quenched with 1.2M HCl (30 mL). The desired product was extracted from the aqueous layer with diethyl ether (3 X 30 mL). All organic layers were neutralized with a saturated sodium carbonate solution (5 mL), then dried using MgSO 4 and filtered. The solvent was then removed under reduced pressure. This crude product was purified using a silica gel column and heptane;ethyl acetate gradient or a chromatotron with a 2 mm silica gel plate and a heptane:ethyl acetate solvent gradient.
3,3-diphenylprop-2-en-1-ol. (5a)
3-Phenyl-2-propyn-1-ol (4) (0.369 grams, 2.79 mmol), trans-dichlorobis(triphenyl-phosphine) palladium (II) (0.147 grams, 0.209 mmol) and zinc dust (0.248 grams, 3.79 mmol) were added to THF and reacted as described above. This crude product was purified using a chromatotron with a 2 mm plate and a heptane:ethyl acetate solvent gradient to yield a white solid (5a), (0.338 grams, 1.61 mmol, 62%) which was identical by spectroscopic comparison to previously reported data [28] .
(Z)-3-(4-trifluoromethylphenyl)-phenyl-2-propen-1-ol (5b)
3-Phenyl-2-propyn-1-ol (4) (0.338 grams, 2.56 mmol), trans-dichlorobis(triphenyl-phosphine) palladium (II) (0.123 grams, 0.175 mmol) and zinc dust (0.240 grams, 3.67 mmol) were added to THF and reacted as described above. This crude product was purified using a chromatotron with a 2 mm plate and a heptane:ethyl acetate solvent gradient to yield a white solid (5b), (0.441 grams, 1.59 mmol, 68% .76 mmol) were added to THF and reacted as described above. The crude product was then filtered through silica gel to produce a 1:2 mixture of 1b:7b (0.121 grams, 12% yield of 7b by NMR). A portion of this mixture was purified using a 1mm thin layer chromatography plate (heptane:EtOAc) to yield a yellow solid (7b 
(Z)-3-(4-methoxyphenyl)-4-methylpenta-2,4-dien-1-ol (8a)
4-methylpent-4-en-2-yn-1-ol (1a) (0.332 grams, 3.454 mmol), trans-dichlorobis(triphenyl-phosphine) palladium (II) (0.125 grams, 0.178 mmol) and zinc dust (0.253 grams, 3.87 mmol) were added to THF and reacted as described above. The crude product was filtered through silica gel to produce a 1:3 mixture of (E)-4-methylpenta-2,4-dien-1-ol (reduced starting material):8a) (0.128g, 23% yield of 8a by NMR). A portion of this mixture was further purified using a 1mm thin layer chromatography plate to yield a white solid (8a All organic layers were neutralized with a saturated sodium carbonate solution (5 mL), then dried using was added and allowed to stir for 1 hour. Iodobenzene, (1.395 grams, 6.84 mmol) ) and ZnCl 2 1.0M in
